We investigate noise-like pulse (NLP) generation in a mode-locked thuliumdoped fiber laser with nonlinear amplifying loop mirror (NALM) and different net anomalous dispersions. The all-polarization maintaining (PM) fiber oscillator generates pulse trains with a frequency adjustable in the range of 4.06-20.4 MHz by utilizing different lengths of PM passive fiber in the NALM loop. An NLP with a coherence spike width of 232 fs was generated at 1993.6 nm with a 3-dB spectral width of 32.6 nm when the net cavity dispersion was −0.711 ps 2 .
Introduction
Over the last decade, the mode-locked fiber lasers operating in the 2-μm spectral region have been intensively developed and investigated owing to their wide range of potential applications including various medical applications, optical sensing, free-space laser communications and spectroscopy [1] - [4] . Under high pump power conditions, mode-locked fiber lasers tend to generate NLP with a characteristic smooth and broad optical spectrum and autocorrelation trace with a coherence spike [1] . Noise-like pulse lasers can also be attractive sources for various applications including supercontinuum generation [6] - [8] , micromachining [9] , and low coherence interferometry [10] - [12] .
The first demonstration of NLP generation in a fiber laser was reported in 1997 in Er-doped ring fiber laser, where a wide and smooth optical spectrum of a bandwidth of 44 nm and an autocorrelation spike of 190 fs were presented [13] . Until now, NLP generation in the 2 μm spectral region have been presented in fiber oscillators with different mode-locking mechanisms incorporating material (graphene [14] , carbon nanotubes [15] , MoS 2 [16] , and semiconductor saturable absorber mirror (SESAM) [17] ), as well as artificial saturable absorbers (SA), such as nonlinear optical loop mirror (NOLM), nonlinear amplifying loop mirror (NALM), and nonlinear polarization rotation (NPR) [18] - [23] . In mode-locked lasers utilizing material SAs, the output pulse energy is often limited by the damage threshold of the modulator. Moreover, ultrafast lasers with these SAs are usually very sensitive to mechanical disturbance and can exhibit a degradation of their optical properties over time; which is the next relevant drawback. Femtosecond pulses with high energy can be generated in mode-locked lasers with NPR but they require a carefully adjusting the polarization controller and are also much more sensitive to external conditions than ultrafast lasers based on nonlinear loop mirrors entirely fabricated of polarization maintaining fibers. The generation of NLP appears at higher pump power compared with that of regular soliton mode-locking and an NLP consists of multiple ultrashort pulses with randomly varying intensity and duration [24] , [25] . However, an NLP bunch can have relatively long ns duration and the square pulse profile is similar to optical pulses generated at dissipative soliton resonance (DSR). These two regimes have recently been presented in the same thulium/holmium co-doped fiber laser based on NALM and the difference between DSR and NLP generations was discussed [27] .
In 2011, Wang et al. reported on a NLP with a 260-fs spike and an optical spectrum of 15 nm in a thulium-doped fiber laser (TDFL) mode-locked by NPR [20] . In 2017, Liu et al., presented single polarization NLP, with a polarization extinction ratio (PER) of 26.3 dB, centered at 2007 nm with a spectral full width at half maximum (FWHM) of 20 nm, coherence spike width of 258 fs, and pulse energy of 42.11 nJ, generated in a hybrid mode-locked TDFL with NOLM and NPR [22] . A very broad optical spectrum with a 10-dB bandwidth of 300 nm has also been reported during NLP generation in a TDFL with normal net dispersion [26] . Most recently, the first demonstration of NLP generation in Ho-doped fiber laser has been presented [23] . Authors obtained an NLP packet with a duration of 370 ps, coherence spike width of 3.5 ps, centered at 2133 nm with 18.3 nm spectral FWHM and 68 mW output power. Also recently, Zheng et al. studied soliton mode-locking and noise-like generation in a TDFL with SESAM and presented an NLP with spike of 170 fs, pedestal duration of 17 ps, and optical spectrum with a 3-dB bandwidth of 0.2813 nm [17] . The oscillator operated in a mode-locking NLP generation regime; however, instead of providing a single pulse, a twin pulse was generated. In addition, as the autocorrelation of NLP could not be measured directly at the oscillator output due to the low output power level, it was determined after the propagation through a one-stage Tm-doped fiber amplifier. In our recent work [28] we demonstrated that after the amplification of an ultrafast laser pulse in the anomalous dispersion regime, the temporal and spectral characteristics of the laser pulse could be significantly different at the amplifier output. Sobon et al. also investigated the amplification of NLP and showed that during the amplification process the FWHM of the pedestal of the NLP broadens with the increase in the pump power, while the coherence spike shortens [14] .
In this paper we report on NLP generation in a NALM-based mode-locked TDFL developed using all-PM-fiber technology, which makes the developed laser compact, environmentally stable and self-started. It is much more immune to the external disturbances, such as mechanical vibrations, changes of the temperature or humidity, than ultrafast lasers made from non-PM fibers. The NLPs were generated with repetition frequencies varied from 4.06 MHz to 20.39 MHz in the TDFL with the total net dispersion values changing from −3.632 ps 2 to −0.711 ps 2 . The effect of different net anomalous dispersions on the properties of the generated NLP was investigated by utilizing additional PM1950 fibers with different lengths in the NALM loop. For the maximum total pump power of 4.26 W, an average output power of 236 mW and an NLP with a coherence spike duration of 232 fs and a central wavelength of 1993.6 nm were obtained in the shortest cavity setup. To our knowledge, this has been the shortest NLP spike reported so far that is generated from fiber lasers operating in a single-pulse mode-locking regime in the 2-μm spectral region.
Experimental Setup
A schematic of the experimental setup of a mode-locked TDFL is shown in Fig. 1 . The TDFL was built using all-PM-fiber technology based on Panda type fibers and PM-fused fiber components dedicated for operation in 2-μm spectral region.
The right loop of the oscillator was a nonlinear mirror (NALM) whose transmission for a given coupler splitting ratio depends on the amplitude of the pulse launched into the loop, the gain of the active fiber (TDF2), and the loop length [29] . Two pieces of the same heavily doped, single-mode PM thulium-doped fiber (Nufern, PM-TSF-5/125) with a core diameter of 5.8 μm, numerical aperture NA = 0.23, and core absorption of 377.2 dB/m at 1560 nm were used as an active medium in the main loop (TDF1, length of 12.5 cm) and in the NALM loop (TDF2, length of 14 cm). The active fibers were core pumped via fused PM 1560/2000-nm wavelength division multiplexers (WDM) employing two custom-build Er/Yb-co-doped ring fiber lasers (EYDFLs). A pump laser applied in the main loop (EYDFL1) delivered a continuous-wave (CW) output power of up to 550 mW at 1610 nm, and the pump laser in the NALM (EYDFL2) generated an output power of up to 3.2 W at 1564 nm and 3.75 W with water cooling of the laser diode pumping EYDFL2. A 2 × 2 fused PM coupler, centered at 2000 nm with a 30:70 coupling ratio, split the power from the main loop into two counter-propagating waves in the NALM. At the beginning of the experiment a 50:50 coupler and a ∼33-m PM1950 fiber was used. However, for this configuration a pumping power of over 1.2 W was required in the NALM to exceed a laser threshold of the developed TDFL. Therefore, we changed the 50:50 coupler to another with an asymmetric splitting ratio. A section of the PM Panda type, passive fiber (PM1950) was spliced between the 30% port of the coupler and the WDM pigtail in the NALM loop to decrease the peak power required to achieve the first maximum transmission of NALM and to ensure sufficient phase shift difference for stable, self-starting mode-locking. In the experiment, we used a PM1950 fiber with different lengths of 3.84, 6.07, 10.7, 13.1, 32.7, and 44.9 m. A polarization-sensitive fiber optic isolator (ISO) with an insertion loss of 0.99 dB at 2000 nm and optical isolation of 36 dB was inserted into the main loop for unidirectional operation. The laser radiation was coupled out of the resonator through a 30% port of the output coupler (OC) terminated with an FC/APC type connector.
Results
All measurements were performed using the following equipment: an optical spectrum analyzer (Yokogawa, AQ6375), sampling digital oscilloscope (Tektronix, DSA70604) with 6 GHz bandwidth and InGaAs 10 GHz photodetector with a rise/fall time of 35 ps (EOT ET-5000), radio frequency (RF) spectrum analyzer with 26.5 GHz bandwidth (Keysight, CXA N9000B), two-photon conductivity interferometric autocorrelator (Femtochrome, FR 103MC), and optical power meter (Ophir, Laserstar) with a 3A-P-SH-V1 high-sensitivity thermal sensor.
First, we characterized the figure-eight TDFL with 13.1 m of PM1950 fiber added to the NALM. A constant pump power of 311 mW was launched to the TDF1 in the main loop. The laser began to generate a chaotic, random pulse radiation when a pump power of 500 mW was launched from the EYDFL2 into the NALM loop. As the pump power in the NALM was increased to 1.9 W, the oscillator self-started and operated in the mode-locking NLP generation regime, as shown in Fig. 2 .
The NLP bunch duration measured on the oscilloscope is shown in Fig. 2(a) as a function of the pump power in the NALM loop. At the beginning, the oscillator generated an NLP packet with a duration of 585 ps, which increased nearly linearly with the increase in pump power. For the maximum pump power of EYDFL2 of 3.21 W, the oscillator generated an average output power of 189 mW and a rectangular-shape NLP with an FWHM duration of 1.3 ns (inset of Fig. 2(a) ). The maximum energy of one NLP packet was determined by dividing the average output power by the pulse repetition frequency (PRF), and was 17.8 nJ for this cavity length. The PER was measured using a Glan-Taylor calcite prism with anti-reflective (AR) coating at 1940 nm (extinction ratio < 5 × 10 −5 ) and a high-sensitivity thermal sensor. The measurements demonstrated that the developed TDFL generated linearly polarized radiation with PER > 15 dB (for the maximum average output power of 189 mW PER = 15.5 dB). The PER was definitely decreased by the difference of Panda rods between the active fiber and PM1950. Fig. 2(b) shows the RF spectrum of the NLP at a pump power of 2.9 W in the NALM loop, measured with a bandwidth frequency resolution of 10 Hz. The measured repetition rate of 10.62 MHz confirmed that the oscillator operated at the fundamental pulse repetition frequency corresponding to the round trip time of the ∼19.62-m-long laser cavity. Two side lobes, characteristic to the NLP generation, can be observed in the presented RF spectrum. The signal-to-noise ratio (SNR) of the fundamental frequency is as high as 59 dB, which is a good result for an NLP TDFL, and it indicates a quite low noise level of the amplitude of the inner pulses in the NLP bunch, but also the existence of a fluctuation in the pulse duration. The laser spectra shown in Fig. 2(c) were centered around 1988 nm with FWHM bandwidths of 24.5, 26.4, and 26.4 nm for pump powers in the NALM loop of 2.1, 2.7, and 2.9 W, respectively. In addition, the FWHM of the laser spectrum first increase with the pump power from 24.1 nm for the lowest pump power in NLP mode-locking operation (1.9 W), but for a pump power beyond 2.7 W it remains constant at a bandwidth of 26.4 nm and it has a small variation of ±0.1 nm.
The autocorrelation traces of an NLP are shown in Fig. 3 . In the NLP generation mode-locking regime a narrow peak on the broad pedestal is expected. Unfortunately, due to the limitation of our experimental conditions, a long-range autocorrelation scan could not be performed. However, we employed a 10-ps scanning range to measure the narrow spike of the NLP. The experimental data were fitted with a sech 2 -pulse profile and the FWHM autocorrelation trace values were determined as 626, 558, and 534 fs for pump powers of 2.1, 2.7, and 2.9 W corresponding to pulse durations of 406, 362, and 346 fs, respectively.
Next, the developed TDFL was investigated under different net anomalous dispersions. The main loop of the oscillator remained unchanged, but different lengths of passive fiber in the NALM loop were used, which also affected the nonlinear phase shift difference of the counter propagating waves and the different peak power thresholds of mode-locking and NLP generation. Apart from the TDFL configuration with an additional 13.1-m-long PM1950 in the NALM, we used PM1950 fiber with lengths of 6.07, 10.7, 32.7, and 44.9 m. The dispersion values of the thulium-doped and the PM1950 fibers are approximately −20 ps 2 /km and −76 ps 2 /km, respectively [30] . Thus, the calculated total net dispersion varied from −0.877 ps 2 for 6.07 m, in the case of an additional PM1950 in the NALM loop and cavity length of approximately 12.55 m, to −3.63 ps 2 for 44.9 m in the case of the additional PM1950 fiber, respectively. First, we aimed to compare the laser performance at the maximum pump power of 3.2 W in the NALM loop with the power of 311 mW in the main loop. However, during this study the output FC/APC connector were damaged a few times. Following each damage, a new FC/APC connector was spliced, and we decided to investigate the effect of different net anomalous dispersions on the NLP generation for a pump power of 2.94 W of in the NALM loop (during the measurement the pump power in main loop was maintained at the same level of 311 mW). Fig. 4 shows the optical spectra and the corresponding time-domain NLP bunch traces registered on a digital oscilloscope for different cavity lengths. For an additional PM1950 fiber of 6.07 m in the NALM, the oscillator operated with a pulse repetition frequency of 16.59 MHz, which matched well with the laser cavity length. The optical spectrum was smooth and centered at 1991.5 nm with an FWHM of 27.7 nm. The NLP registered on the oscilloscope had an FWHM duration of 388 ps. By increasing the additional PM1950 fiber length in the NALM loop, the optical spectra were blue shifted and became slightly narrower. In addition, for large net anomalous dispersions the optical spectrum was not smooth but strongly distorted. It indicates that further lengthening the laser cavity and an increase of the pulse energy can lead to change of the generation regime from single NLP to a multiple pulse generation, a harmonic mode-locking or dissipative soliton resonance, which is favored by the long cavities with large dispersion and high nonlinearity [31] - [33] . For longer cavities longer NLP bunch durations were measured on the oscilloscope. For an additional 44.9 m of PM1950 fiber, the FWHM duration of the NLP was greater than 7 ns. An increase of NLP bunch duration presented in Fig. 4 is not the effect of dispersion, but it is caused by the increase of a NLP pulse energy, for the same pumping power, due to lower repetition rate (resulted from the longer cavity). The effect of different net anomalous dispersions on the NLP generation has been investigated before in the TDFL mode-locked by NPR; however, no dependence between spectral width, central wavelength, and the additional fiber length was noticed [21] . The broadest spectrum (23.2 nm) and the shortest autocorrelation spike (0.626 ps) were measured for the shortest additional single mode fiber (SMF) length of 10 m; however, for the 200-m-long SMF the optical spectrum was broader (20.47 m) than that for the 20-m-long (18.56 m). Moreover, no distortion of optical spectrum has been observed, which is possibly due to the too low NLP energy.
In Fig. 5 , the NLP autocorrelations measured at the output of TDFL are shown, with total group delay dispersions (GDD) of −0.877, −1.378, and −3.632 ps 2 . The experimental data were fitted with a sech 2 -pulse profile, and the FWHMs were 428, 503, and 705 fs, respectively, corresponding to the coherence spike widths of 277, 326, and 457 fs. The recorded autocorrelation traces are in good agreement with the measurement of the optical spectra: the shortest spike corresponds to the widest spectrum (27.7 nm) and the smallest value of anomalous net dispersion of −0.877 ps 2 . For an additional PM1950 fiber length of ∼45 m and a large anomalous net dispersion of −3.632 ps 2 the autocorrelation spike has an FWHM of 705 fs; however, a sech 2 -pulse profile did not fit exactly to the data points. In addition, the optical spectrum was not smooth, which was probably due to the high pulse energy and large total dispersion in the cavity.
The average output power as a function of the pump power launched to the NALM for different additional PM1950 fiber lengths is shown in Fig. 6(a) . The dashed lines indicate the generation of TDFL before mode-locking and NLP generation. In this regime the slope efficiencies were varied from 1.35% for the additional PM1950 of 10.7 m length, to 1.9% for the PM1950 of 32.7 m length. When the power circulating in the laser cavity reaches a value corresponding to the first maximum transmission of the NALM, it begins to behave as a saturable absorber with an intensity-dependent transmission, and the TDFL generates mode-locked NLPs with higher efficiency. It can be seen that in the NLP generation regime slope efficiencies for different additional PM1950 fiber lengths are 5.52%, 6.34%, 5.72%, 5.53%, and 5.55% for 6.07, 10.7, 13.1, 32.7, and 44.9 m length of the PM1950 fiber, respectively. A slope efficiency of 6.3% for an added PM1950 length of 10.7 m can be affected by the error resulting from the imprecise measurement of the average output power at a pumping power of 2.41 W in the NALM at the beginning of the NLP generation. At the threshold, when the generation is not stable, the output power fluctuates. However, the slope efficiencies for other cavity lengths are very similar with a value of ∼5.5%.
From the analysis of the data shown in Fig. 6(a) , it can be seen, that the NLP generation power threshold is inversely proportional to the length of the added PM1950 fiber (L PM 1950 ). A longer NALM loop results in a lager phase shift difference between counter propagating waves, and a lower pulse peak power is required to achieve maximum transmission of the NALM. For an additional PM1950 fiber length of ∼45 m, the TDFL began to be mode-locked at a pump power of 1 W in the NALM (which corresponds to the threshold average output power (P th ) of 51 mW); however, for an additional PM1950 fiber length of 6.07 m the NLP generation did not start until the pump power in the NALM reached 2.7 W. For this case, an average output power of 155 mW at a central wavelength λ c of 1991.6 nm was generated. The maximum energy E max of the NLP packet and the maximum average output power P max as functions of pulse repetition frequency are shown in Fig. 6(b) . The maximum values of the average output power are similar for different PRF and in the range of 176-189 mW. The difference is mainly due to different splice losses, especially for a large net dispersion, a few pieces of an additional PM1950 fiber were sliced. The can be noticed. Lower PRF leads to higher average excitation levels, for which a maximum gain shifts to shorter wavelengths. According to the results of this study, for a shorter cavity length a wider optical spectrum and shorter NLP can be expected. However, for a shorter NALM loop, a higher pumping power is also necessary to obtain mode-locking and NLP generation. In the subsequent part of the study the additional PM1950 fiber spliced in the NALM was shortened to 3.84 m. In addition, we slightly modified the pump EYDFL2, by replacing the air cooling with water cooling for the 976-nm laser diode, to increase available pumping power. The performance of the TDFL is shown in Fig. 7 . Mode-locking was achieved at a maximum pumping power of 511 mW in the main loop and at approximately 3.5 W in the NALM; however, at this power level the generation was unstable. When the pumping power was increased to 3.75 W in the NALM, an average output power of 236 mW was obtained during a stable NLP generation. The TDFL with an additional PM1950 fiber length of 3.84 m in the NALM generated NLP packets with a pulse repetition frequency of 20.39 MHz and energy of 11.6 nJ. The laser spectrum, shown in Fig. 7(a) , was centered at 1993.6 nm and had an FWHM bandwidth of 32.6 nm. A total net dispersion of the oscillator was determined as −0.711 ps 2 . Due to the smaller value of the net anomalous dispersion, a shorter noise-like spike was generated than that in previously investigated cavity lengths. Fig. 7(b) shows the autocorrelation trace fitted with a sech 2 -pulse profile and the autocorrelation FWHM was determined as 358 fs, which corresponds to a noise-like spike width of 232 fs. To the best of our knowledge this has been the shortest noise-like spike generated from TDFL reported in the literature so far.
Conclusions
In this paper, an all-PM-fiber mode-locked Tm-doped laser based on NALM with different net anomalous dispersion is presented. The proposed figure-eight laser generates NLPs in the 2-μm band with slope efficiency of approximately 5.5% for different cavity lengths. An increase of the NALM loop length leads to the generation of longer NLP bunch with longer coherence spike as well as makes distortion of the optical spectrum and its spectral shift to shorter wavelengths. The maximum energy of 43.4 nJ of the NLP bunch was achieved in an oscillator arrangement with an additional PM1950 fiber with length of ∼45 m in the NALM loop, operating with a pulse repetition frequency of 4.055 MHz under a pumping power of 3.51 W. At the maximum total pump power of 4.26 W, the mode-locked NLPs centered at 1993.6 nm with a 3 dB spectral bandwidth of 32.6 nm were generated in the TDFL setup with the smallest total net dispersion of −0.711 ps 2 and a pulse repetition frequency of 20.39 MHz. In this oscillator arrangement an NLP with a duration of 232 fs and the pulse energy of 11 nJ was generated. To the best of our knowledge, this has been the shortest NLP generated from a mode-locked fiber laser operating in the 2-μm spectral region reported so far. The performance of the developed NLP TDFL demonstrates that it can be a suitable source for e.g., supercontinuum generation.
